We investigated how shoot gross morphology and leaf properties are determined in Fagus japonica Maxim., a deciduous species with flush-type shoot phenology, in which all leaves are produced in a single flush at the start of each season. We examined relationships between current-year shoot properties and local light environment in a 14-m tall beech tree growing in a deciduous forest. Leaf number (LN), total leaf area (TLA), and total leaf length (SL) of the current-year shoot increased with increasing photosynthetic photon flux density (PPFD). Leaf thickness, dry mass per leaf area and nitrogen content on a leaf area basis increased, whereas the chlorophyll/N ratio decreased with increasing PPFD. To separate the effects of current-year PPFD from those of previous year(s), we artificially shaded a part of the uppermost leaf tier. Reciprocal transfers of beech seedlings between controlled PPFD regimes were also made. Characteristics of shoot gross morphology such as LN, TLA and SL were largely determined by the PPFD of the previous year. The exception was the length of the longest ''long shoots'' with many leaves, in which elongation appeared to be influenced by both previous-year and current-year PPFD. In contrast, leaf properties were determined by current-year PPFD. The ecological implications of our findings are discussed.
Introduction
Even within a single tree, properties of the shoots are heterogeneous. Many deciduous trees, including species of Larix, Ginkgo, Acer and Fagus, have distinct long and short shoots (Kumazawa 1979) . Long shoots are characterized by long internodes and large lateral buds, whereas short shoots have short internodes and few lateral buds. The difference between long and short shoots is not distinct in many tree species, including most evergreen species; however, even in such species, internode length (i.e., shoot length/number of leaves on the shoot) varies considerably among shoots in the same tree (Takenaka 1997) . As Hallé et al. (1978) pointed out, long shoots construct the framework of the tree canopy, whereas short shoots expand leaf area for photosynthesis with a minimum of investment in stems. Because long and short shoots differ in function, and contribute to the fitness of the whole tree in different ways, we need to clarify mechanisms of shoot differentiation.
Several anatomical studies have investigated the processes of determination of long and short shoots in buds of deciduous species (Gunkel and Wetmore 1946a , 1946b , Critchfield 1970 , Owen and Molder 1979 , Macdonald and Mothersill 1983 , Macdonald et al. 1984 . In Betula papyrifera Marsh., shoot fate is already determined in the winter bud (Macdonald and Mothersill 1983) , whereas in Ginkgo biloba L., no marked differences between future long and short shoots were detected in embryonic shoots in the buds Wetmore 1946a, 1946b) . Among the factors determining bud fate, light is critical (Wilson and Fischer 1977 , Jones and Harper 1987a , 1987b ; however, its mode of action is obscure.
Another important feature of shoot heterogeneity is differentiation of sun and shade leaves. There are substantial anatomical and physiological differences between sun and shade leaves even in the same tree, and light environment plays important roles in this differentiation (Björkman 1981) . Processes of differentiation are complicated, especially in species with flush-type shoot phenology, because all leaves for the next growth season are formed in the buds (Kozlowski and Clausen 1966) . Moreover, in species such as Fagus sylvatica L. (Eschrich et al. 1989 ) and F. crenata Blume (T. Koike, Tokyo Univ. of Agriculture and Technology, Japan, personal communication), the number of mesophyll cell layers differs between sun and shade leaves, and the number of cell layers is determined the previous autumn in the bud (Eschrich et al. 1989 ). Koike et al. (1997) found that PPFD in the previous year had a distinct effect on leaf anatomy and photosynthesis in broad-leaved deciduous species with flush-type phenology such as Zelkova serrata (Thunb.) Makino and Quercus serrata Thunb. ex Murray.
These studies strongly indicate that, in tree species with flush-type shoot phenology, gross morphology of shoots and leaf characteristics are greatly influenced by the light environment of the previous year. However, current-year light environment must also affect shoot and leaf properties, otherwise, species with flush-type phenology would not be able to respond to abrupt changes in the light environment brought about, for example, by gap formation.
In this study, we have examined effects of previous-year and current-year light environments on gross morphology of shoots and leaf characteristics. We studied Fagus japonica Maxim., a dominant species in a cool-temperate area on the Pacific side of Honshu, the main island of Japan, because this species shows typical flush-type shoot phenology and develops long and short shoots. Specifically, we examined properties of current-year shoots of a mature tree growing in a forest in relation to local PPFDs within its canopy. To separate effects of current-year PPFD from those of previous year(s), we artificially shaded a part of the tree canopy and examined its effects on shoot characteristics. We also conducted growth experiments with seedlings in controlled PPFD regimes. We found that gross morphology of the shoots, such as leaf number (LN), total leaf area (TLA) and shoot length (SL), was mostly determined by previous-year PPFD, whereas the properties of the leaves were determined by current-year PPFD.
Materials and methods

Field study with a mature tree of Fagus japonica
A 15-m tower enclosed a 14-m high Fagus japonica tree in a deciduous forest at Nakoso, Fukushima, Japan (36°58′ N, 140°36′ E; about 700 m altitude). This tree had several leaf tiers. Except for the upper-most tier, which was comprised of upright or oblique shoots, the tiers were flat, so that the leaves in the tier were displayed fairly evenly. We chose five tiers 13.9, 11.5, 9.5, 8 and 2 m in height and called them Tiers 1, 2, 3, 4, and 5, respectively. The PPFD just above these tiers was measured continuously with quantum sensors (IKS-25, Koito Seisakusho, Tokyo, Japan) placed horizontally. Instantaneous PPFD data were logged every 5 min on a data logger (MES-901, Koito Seisakusho). The sensor placed above the uppermost tier (Tier 1) was fully exposed. Data were expressed relative to the values of Tier 1.
Artificial shading of the canopy
On April 27, 1995, about 200 shoots in Tier 1 were covered with a shading frame (2 × 2 × 2 m ). The PPFD inside the frame was 5% of that outside the frame. To avoid destruction of the shading frame in winter, we removed the shade cloth on November 6, 1995, after leaf shedding. The frame was covered with shade cloth again on April 14, 1996, well before bud break.
Measurements of shoot characteristics
About 50 current-year shoots were sampled in each leaf tier. Our sampling did not distinguish apical shoots from lateral shoots. For each current-year shoot, number of leaves (LN) was counted and shoot length (SL) and lamina length of the leaves were measured on August 23 or 24, 1996, well after the completion of shoot elongation. Total leaf area of each shoot (TLA) was calculated based on a regression of lamina area, measured with an area meter (Hayashi-Denkou, Tokyo, Japan), to lamina length for 30 leaves. The regression used was:
where A is leaf area in cm 2 and L is lamina length in cm.
Leaf disc sampling
On August 24, 1996, 1-cm 2 leaf discs were obtained in the field and brought to the laboratory. For measurements of dry mass, nitrogen and chlorophyll contents, we arbitrarily chose ten leaves from each of five tiers, and sampled two discs per leaf. For light microscopy, five leaves were chosen from each of the tiers and one leaf disc per leaf was sampled.
Light microscopy
Leaf discs were fixed in FAA (40% formaldehyde:acetic acid:70% ethanol = 2:1:17, v/v), rinsed in water, dehydrated in a graded acetone series, and embedded in Spurr's resin (Spurr 1969) . Thin sections were cut with an ultra-microtome at 1 µm thickness, stained with Toluidine blue and observed with the aid of a light microscope (BX-50, Olympus, Tokyo, Japan).
Chlorophyll, dry mass and nitrogen
Chlorophyll was extracted from the first leaf disc of each leaf in dimethyl formamide, and the chlorophyll concentration of the extract was measured spectrophotometrically by the method of Porra et al. (1989) . The second leaf disc of each leaf was placed in a humid chamber at 25 °C in darkness for 3 days to allow the leaves to respire storage carbohydrates. The discs were then oven-dried for 48 h and weighed. Their nitrogen contents were measured with an NC analyzer (Sumigraph NC-900, Sumika, Tokyo, Japan).
Experiments with seedlings
To distinguish the effects of current-year PPFD from previousyear PPFDs, we transferred seedlings from high to low PPFD regimes and vice versa. Seedlings were collected in a forest at Ogawa, Kitaibaraki-City, Ibaraki, Japan (36°56′ N, 140°35′ E; 550 m altitude, about 5 km south of the tower). In this area, the latest mast years were 1993 and 1995. Thus, we were able to collect uniformly grown two-year-old seedlings in 1995, and three-year-old seedlings in 1996. The forest canopy was closed, and the PPFD at the collection site, measured on July 11, 1995, was about 4% of that outside the forest.
Experiment I About 150 seedlings were collected and brought to the laboratory on May 5, 1995. Twelve seedlings were selected for uniformity and each seedling was planted in a 12-cm diameter clay pot containing a 7:3 (v/v) mix of soil and vermiculite. The potted seedlings were placed on concrete benches and covered with one of two shade frames (2 × 2 × 2 m each) so that PPFDs inside the respective frames were 1 and 4% of full daylight. Eight and four seedlings were grown in 1 and 4% daylight, respectively. The soil was watered when the surface appeared dry. Once per month each pot was fertilized with 75 ml of 1/2000 strength commercial nutrient solution (Hyponex 5:10:5, Murakami Bussan, Tokyo, Japan). The 1/2000 solution contained 1.9 mM NO 3 − , 0.35 mM NH 4 + , 0.2 mM soluble phosphate, 0.9 mM K + and other micronutrients. Before bud break in May 1996, four seedlings from each frame were transferred to a frame providing 20% sunlight. In addition, four seedlings that had been grown in 1% sunlight in 1995 were also grown in 1% sunlight in 1996.
Experiment II About 100 three-year-old seedlings were collected in the Ogawa forest on April 20, 1996. Each seedling was planted in a 12-cm diameter clay pot containing a 7:3 (v/v) mix of soil and vermiculite, and was watered and fertilized as described for Experiment I. The potted seedlings were placed on concrete benches and covered with one of four shade frames to provide PPFDs of 1, 4, 10 and 20% of full daylight. The PPFD of 4% corresponded to the PPFD at the site of seedling collection.
For both experiments, the number of leaves per shoot (LN) was counted and the length of current-year shoot (SL) and lamina length were measured on June 29 or 30, 1996. Total leaf area for each shoot (TLA) was calculated based on a regression of lamina area, measured with an area meter, to lamina length for 124 leaves. The regression used was:
where, A is leaf area in cm 2 and L is lamina length in cm.
On August 20, 1996, two leaf discs per leaf were obtained from five seedlings arbitrarily chosen for each light regime, and the leaf properties were examined as described above. Although some seedlings developed more than one current-year shoot, all analyses were confined to the main shoots.
Results
Field measurements
The PPFDs just above the tiers, expressed as ratios of the PPFD measured above Tier 1, are shown in Figure 1 . Even immediately after bud break, which occurred around May 8, PPFDs of lower tiers were attenuated as a result of shading by the trunk, the many shoots of the tree and the surrounding deciduous trees, and by the framework of the tower. Bud break occurred two to three days earlier in the upper tiers than in the lower tiers. Thus, PPFD incident on young leaves in the lower tiers was low from the beginning.
After bud break, leaf laminae drooped for about 2 to 3 weeks. As leaves expanded, they gradually oriented horizontally. Maturation and reorientation of the leaves, accompanied by changes in leaf color from light to dark green caused gradual decreases in PPFD in lower tiers until the end of May.
Frequency distributions of leaf number (LN) are shown in Figure 2 . Although there was considerable variation in LN within a tier, LN tended to increase with increasing PPFD.
Because LN of lateral shoots was usually smaller than that of apical shoots and there were more lateral shoots in sun-exposed tiers than in shaded tiers, the lateral shoots accounted for much of the variation in LN in sun-exposed tiers, especially in Tier 1. There were some shoots with a large LN in Tier 5. These shoots developed from the main trunk.
In all five tiers, there was a linear relationship between TLA and LN (Figure 3) . The relationship between SL and LN was curvilinear in all tiers except Tier 5, where the shoots showed slightly greater SL for a given LN than shoots in other tiers (Figure 3) .
Relationships between LN and leaf properties, such as leaf mass per area (LMA), nitrogen content both on a leaf area basis (N LA ) and on a leaf dry mass basis (N LW ), and the ratio of chlorophyll to N LA (Chl/N), were examined separately for each tier. For a given tier, these parameters were independent of LN (data not shown); however, the parameters differed significantly among the tiers (Figure 4 ). With increasing height in the canopy, LMA and N LA increased and the Chl/N ratio decreased. Leaf nitrogen contents on dry mass basis (N LW ), corresponding to the ratios of N LA to LMA, decreased somewhat with increasing height in the canopy (2.39 ± 0.39, 2.74 ± 0.58, 2.99 ± 0.38, 3.09 ± 0.37 and 3.16 ± 0.62 %N for Tiers 1, 2, 3, 4 and 5, respectively).
Light micrographs of transverse sections of leaves from Tiers 1 and 5 are shown in Figure 5 . Leaf thickness differed between the tiers as expected from the LMA data (Figure 4 ). Leaves from Tier 5 (below) had one cell layer of palisade tissue and three to four cell layers of spongy tissue. Even between nearby parts within a leaf, the number of the cell layers in the spongy tissue differed. (We checked the number of cell layers in thicker hand-sections of five leaves from each tier.) The spongy tissue of leaves from Tier 1 comprised one layer of typically elongated cells, one intermediate cell layer with somewhat elongated but fat cells, and three cell layers of cells having irregular shapes. Thus, the second cell layer in the Figure 1 . Changes in relative daily PPFD in five leaf tiers. The PPFDs were monitored with quantum sensors placed just above the tiers and the data were logged at 5-min intervals. Daily PPFD was calculated for each calendar day. Data were presented as values relative to those obtained from the fully exposed sensor above Tier 1. Bud break occurred around May 8.
Tier 1 leaves probably corresponded to the second cell layer in leaves from Tier 5.
Effects of artificial shading on shoot properties
Part of Tier 1 of the tree canopy was covered with a shading frame in April 1995. All of the Tier 1 shoots that elongated in 1995 sprouted from buds that had been formed in high irradiance in 1994. In 1995, there was only a marginal difference in LN between Tier 1 shoots that elongated in the shading frame and fully exposed Tier 1 shoots (Table 1) ; however, SL was significantly greater in fully exposed shoots of Tier 1 than in shaded shoots of Tier 1.
Tier 1 shoots that elongated in the shading frame in 1996 sprouted from buds that had been formed in the shade in 1995. In 1996, LN and SL of Tier 1 shoots in the shading frame were 50 and 10%, respectively, of the values of sun-exposed shoots in Tier 1. For sun-exposed Tier 1 shoots, LN was similar in 1995 and 1996; however, SL was much greater in 1996 than in 1995 probably because 1995 was a mast year. The gross morphology of Tier 1 shoots that elongated in the shade frame in 1996 closely resembled that of the shoots in Tier 4 that received a similar PPFD ( Table 2 ). The properties of leaves were also similar in shaded Tier 1 shoots and exposed Tier 4 shoots, although the differences for LMA and N LA were statistically significant (Table 2) .
Experiments with seedlings
In 1996, LN of seedlings that had been grown at 4% sunlight in 1995 was 6.0 ± 0.82 (mean ± SD, n = 4, range = 5--7), whereas LN of seedlings grown at 1% irradiance was 3.7 ± 1.03 (n = 6, range = 2--5). Both TLA and SL were greater in seedlings that had been grown at 4% sunlight than in seedlings grown at 1% sunlight (Table 3) . However, when seedlings having the same LN in 1996 were compared, SL and TLA were independent of light regimes in 1995 (data not shown). A comparison of seedlings grown in 1% sunlight in both 1995 and 1996 with seedlings grown in 1% sunlight in 1995 and transferred to 20% sunlight for the 1996 growing season indicated that the light environment in 1996 had a very small effect on SL and TLA (Table 3) . On the other hand, leaf properties such as LMA, N LA , N LW and Chl/N of seedlings that were grown at 20% sunlight in 1996 were similar irrespective of the growth PPFDs in 1995 (Table 3) . When leaf properties of the plants that were grown at 1% irradiance in 1995 were compared, LMA was greater and Chl/N and N LW were smaller in plants grown at 20% in 1996 than in plants grown at 1% in 1996, whereas the difference in N LA was not statistically significant (Table 3) .
In Experiment II, the seedlings that had been growing under uniform irradiance on the forest floor until April 1996 and then grown at different PPFDs in 1996 were analyzed. Leaf mass per area increased and Chl/N decreased with increasing PPFD in 1996, but the difference in N LA was not significant ( Figure 6 ). When the seedlings with the same LN were compared (most of the seedlings had three to five leaves), neither TLA nor SL per shoot was statistically different among the plants grown at different PPFDs (for TLA, P = 0.26, 0.76 and 0.23 for shoots with LN 3, 4, and 5, respectively, and for SL, P = 0.92, 0.07, and 0.89 for shoots with 3, 4 and 5 leaves, respectively).
Discussion
Gross morphology of the shoot
The dependence of SL on LN was curvilinear (Figure 3) . Shoots with less than four leaves were very short and seldom developed large lateral buds, and can therefore be called short shoots (Hallé et al. 1978) . Shoots with five or more leaves tended to be long and have large lateral buds, and can be called long shoots (Hallé et al. 1978) . Although the mechanism underlying the change in internode length around an LN of four to five is unknown, the change is responsible for the apparent dichotomy between short and long shoots.
As in many flush-type species, LN is predetermined in winter buds of F. japonica (unpublished observation). The embryonic leaves in the bud were several mm long just before bud break. It is therefore probable that most cell divisions were completed before bud break implying that cell number is determined independently of current-year photosynthetic production. Given that cell number per leaf did not differ markedly throughout the canopy, then a relationship between LN and TLA is explained (Figure 3) . The relationship between SL and LN was mostly independent of canopy height (Figure 3) , indicating a strong link between SL and LN. However, in 1995, Tier 1 shoots were significantly shorter in the shade frame than the sun-exposed Tier 1 shoots, even though LN of these shoots was similar (Table 1) . This finding strongly indicates that the growth of long ''long shoots'' with many leaves depended partly on current-year photosynthates. Although the contribution of current-year photosynthates to shoot growth has not been reported previously for species showing flush-type shoot growth, it has been documented for species with continuoustype shoot growth. For example, Kozlowski and Clausen (1966) shaded early leaves of two Betula species and found that growth of the shoots and later leaves was suppressed. On the other hand, our transfer experiments with seedlings did not show a dependence of SL on current-year PPFD ( Table 3) . The contribution of current-year production might not be apparent in the experimental seedlings because LN of these seedlings was less than six and the shoots were mostly short shoots.
Our results indicate that LN, TLA and SL are regulated by the same factor. Because LN strongly depended on PPFD of the previous year, we conclude that gross morphology of the leaves is largely determined by PPFD of the previous years, although current-year photosynthate may contribute to growth of long ''long shoots.''
Leaf properties
We postulated that the properties of leaves would be strongly affected by the environment of the previous season for two reasons. First, Eschrich et al. (1989) reported that the number of cell layers in the palisade tissue of Fagus sylvatica leaves is determined during bud formation. Second, before bud break, PPFD is high in the deciduous forest (Parker 1995) , implying that the PPFD received by future shade leaves immediately after the bud break is considerable. However, we found that the palisade tissue of F. japonica leaves typically had only one cell layer irrespective of the light environment ( Figure 5 ). Moreover, there were marked differences in PPFD within the canopy even immediately after bud break (Figure 1 ). Thus, differences in PPFDs between the tiers may be large enough to account for the observed differences in leaf properties.
Maximum photosynthetic rate on a leaf area basis is strongly correlated with N LA (Evans 1989) . When N nutrition is sufficient, maximum photosynthetic rate is also strongly correlated with leaf thickness (Björkman 1981 , Koike 1988 ). Based on the results of these studies and the data in Figures 4 and 5 , we conclude that the maximum photosynthetic rate was greater in sun leaves in the upper tiers than in shade leaves. This conclusion has been confirmed by in situ photosynthesis measurements in the same tree (A. Uemura, A. Ishida and Y. Matsumoto, unpublished observation).
The LMA of seedlings ( Figure 6 ) also depended on growth PPFD. However, N LA of the seedlings were not significantly different among PPFDs (Table 3 and Figure 6 ). This could Table 1 . Effects of shading on leaf number and shoot length. Shading part of Tier 1 started in April 1995. Data are presented as means ± SD. Student's t-test was used to detect significant differences.
Year Variable
Shaded Tier reflect the low nitrogen nutrient availability in the seedling experiments, because the dependence of N LA on PPFD is known to be weak when nutrient availability is low (Terashima and Evans 1988 .
The Chl/N ratio decreased with increasing PPFD in both the tree and the seedlings (Figures 4 and 6) , indicating that nitrogen was preferentially allocated to light-harvesting components in shaded leaves. Such a change is an important feature of sun--shade acclimation (Evans 1989, Hikosaka and . All of these data, therefore, indicate that leaves of F. japonica tree were well adjusted to the current-year light environment both anatomically and physiologically.
Shoot autonomy and light environment
By artificially shading a part of the uppermost tier, PPFD of the shaded part decreased to about 4% full sunlight, which was similar to the PPFD of Tier 4, and the properties of shoots newly produced in the shade frame were very similar to those in Tier 4 ( Table 2 ). This finding indicates that properties of shoots and leaves are mainly determined by PPFD irrespective of the positions of the shoots within a tree. It also indicates that shoot dynamics can be studied by focusing attention on PPFD assuming that individual shoots are autonomous (Sprugel et al. 1991) . This approach has been adopted in studies of functional tree architecture (Koike 1989 , Rauscher et al. 1990 , Takenaka 1994 ). However, even at a similar PPFD, shoots of the mature tree and seedlings displayed quantitatively different behaviors. One of the factors responsible for the differences in shoot behavior between mature trees and seedlings may be associated with the large difference in the ratio of non-photosynthetic parts to photosynthetic parts between the mature tree and the seedlings. In other words, there is a large difference in the amount of non-photosynthetic tissue supported per unit area of leaves between the mature tree and the seedlings. Inversely, this also means that there is a difference in capacity for storage materials.
Ecological implications
If a gap is formed near F. japonica trees in winter, gross shoot morphology may not change greatly in the next season. On the other hand, leaf properties will change immediately, leading to greater photosynthetic production than would otherwise occur. As a result, even short shoots may develop large winter buds that produce shoots in the next season. This process will occur more quickly in F. japonica than in F. crenata, another Japanese Fagus species, because the numbers of cell layers in the palisade tissue in F. crenata differ between sun and shade Table 3 . Effects of changes in PPFD during the 1995 and 1996 growing seasons on the properties of current-year shoots of seedlings in 1996. Data are presented as means ± SD (n = 4 except for †, where n = 3). Student's t-test was used to detect significant differences; NS = not significant.
Variables
Relative PPFD (1995 PPFD ( --1996 2.0 ± 0.19 2.9 ± 0.65 6.2 ± 0.34 < 0.05 < 0.001 leaves and the cell layers of palisade tissue are determined in the winter bud. However, sun leaves of F. crenata with two cell layers of palisade tissue are much thicker and photosynthetically more active than those of F. japonica, implying that the range of plastic adjustment of F. crenata leaves is broader than that of F. japonica (A. Uemura et al., unpublished observation) , although the adjustment takes longer in F. crenata than in F. japonica. Thus, there is a trade-off between differentiation of sun and shade leaves and plasticity of the palisade tissue.
